Genomic imprinting is one of the most intriguing subtleties of modern genetics. The term "imprinting" refers to parent-of-origin-dependent gene expression. The presence of imprinted genes can cause cells with a full parental complement of functional autosomal genes to specifically express one allele but not the other, resulting in monoallelic expression of the imprinted loci. Genomic imprinting plays a critical role in fetal growth and behavioral development, and it is regulated by DNA methylation and chromatin structure. This paper summarizes the Genomic Imprinting and Environmental Disease Susceptibility Conference held 8-10 October 1998 at Duke University, Durham, North Carolina. The conference focused on the importance of genomic imprinting in determining susceptibility to environmentally induced diseases. Conference topics induded rationales for imprinting: parental antagonism and speciation; methods for imprinted gene identification: allelic message display and monochromosomal mouse/human hybrids; properties of the imprinted gene duster human 1 lpl5.5 and mouse distal 7; the epigenetics ofX-chromosome inactivation; variability in imprinting: imprint erasure, nonMendelian inheritance ratios, and polymorphic imprinting; imprinting and behavior: genetics of bipolar disorder, imprinting in Turner syiidrome, and imprinting in brain development and social behavior; and aberrant methylation: methylation and chromatin structure, methylation and estrogen exposure, methylation of tumor-suppressor genes, and cancer susceptibility.
Oncology and Integrated Toxicology
Program joined forces to organize and promote this conference. The conference created the opportunity for information exchange between researchers working in the field of genomic imprinting, and brought together an interdisciplinary group of scientists to explore the relationship between genomic imprinting and environmentally induced disease.
In the near future, developments in medical genetics are expected to impact greatly on therapeutic biotechnology, the practice of healthcare and medicine, and the understanding of human evolution and behavior. As our knowledge in these areas continues to expand, it will be critical to explore the links between genetics and the environment in influencing human health and disease. Thus, the topic of this conference is both timely and of crucial value.
The conference objective was to discuss one of the most intriguing subtleties of modern genetics: namely, the fact that although cells have a full parental complement of autosomal genes, not all of those genes are biallelically expressed. This parent-of-origindependent gene expression, termed genomic imprinting, plays a critical role in fetal growth and behavioral development. Genomic imprinting is regulated by DNA methylation and chromatin structure. Thus, environmental factors capable of causing epigenetic changes in DNA can potentially alter imprint gene expression and result in genetic diseases that include cancer and behavioral disorders. This conference focused on the importance of genomic imprinting in determining susceptibility to environmentally induced diseases.
This paper is a summary of the Genomic Imprinting and Environmental Disease Susceptibility Conference. It is not meant to be an inclusive record of all of the material discussed or presented at the conference. Rather, it is intended to communicate a sense of the great current interest in genomic imprinting and the immense promise that this field holds for enhancing our understanding of how environmental factors affect disease susceptibility.
Genomic Imprinting: Why Bother?
The evolution of genomic imprinting. Genomic imprinting can be defined as the influence of the past environment of a gene on its expression. This influence can extend beyond the gene's parent of origin to actual experiences of an individual gene carrier, such as famine, disease, or chemical exposure. Molecular biologists and geneticists address the mechanism of genomic imprinting, but evolutionary biologists attempt to ask questions from within a theoretical framework about the value of imprinting: that is to say, "'Why bother?"
A basic tenet of evolutionary biology is that genetic actions in one individual can affect other individuals. Some genes only affect an individual, but some genes affect their relatives as well. Most relatives are asymmetrically related on either the maternal side or the paternal side. Only individuals and their direct descendants belong equally to the individual's matriline and patriline. Therefore, conflicts can occur between effects of the genome on either the maternal or the paternal side (1) .
Imprinting is favored when genes have parentally antagonistic effects. Examples of situations that cause such antagonism include postzygotic maternal care with multiple paternity, or sex-biased dispersal (usually male biased). In these circumstances, a change in reproductive partners creates paternal demands and antagonistic effects on the fetus and results in a bias in the social group. In patterns of male-bias dispersal, the coefficient of paternal relatedness within a pedigree decreases relative to the more constant coefficient of maternal relatedness. Thus, the social group is composed of individuals who are more related to each other on the maternal side than on the paternal side. As a result, the fitness effects of the maternal genome can be equivalent for the self and the mother but not for the self and the father. In this scenario, it can be argued, based on evolutionary models, that selection on the maternal genome will account for social behavior, and the maternal genome will favor genes for social behavior more than genes for selfish behavior. A similar selective process will not act on the paternal genome. Thus, change in sexual partners selects for a smaller effect of the male genome on social behavior.
Genes on a paternal X chromosome are an exception to this rule. All autosomes have a 50% chance of transmission to daughters and sons. In contrast, the paternal X is transmitted only to daughters, and sons carry only a maternal X. Because all females and no males carry a paternal X, there is a bias in favor of the presence of social behavior genes on the paternal X.
These evolutionary models explain certain effects in utero and also predict that genes affecting adult behavior should show imprinting. In addition, it is possible to hypothesize a role for imprinting in response to environmental experience or signals. A study of pregnancy-induced hypertension provides support for this line of thinking (2. In this study, the level of pregnancy-induced hypertension was determined and correlated with the duration of the relationship between the mother and father. When conception occurred during the first 4 months of a relationship, the incidence of pregnancy-induced hypertension was 30%. As the duration of the relationship between mother and father before conception increased to 12 Xist promoter switch mediates RNA stability at the initiation ofrandom and imprintedX chromosome inactivation. In mammals, the X chromosome is subject to a parent-oforigin independent epigenetic process known as X inactivation (8) . By this process, the cell achieves dosage equivalence for the X chromosome in males and females. In females, one of the two X chromosomes is silenced. X inactivation is normally random and is stably maintained. X inactivation is a very early, developmentally regulated event that is under the control of a single master switch locus. The master switch locus is called X inactivation center (Xic), and is required in cis for X inactivation to proceed. A 15-17kb transcript called X inactive specific transcript (Xist), associated with the inactivated X chromosome, maps to the Xic region. Xist expression correlates with the onset of X inactivation. The transcript stays in the nucleus, has no known protein coding potential, and binds to the inactive X chromosome.
Xist In mouse embryos Xist is specifically expressed from the paternal X from the 2-4 cell stage onward, whereas Xist begins to be produced from the maternal chromosome in the mid-late blastocyst stage. In early stages of the mouse embryogenesis, the maternal allele does not synthesize Xist, and the paternal allele, which is imprinted, functions from P1/P2 but not from the P0 promoter. At later embryonic stages, before a commitment occurs to inactivate either parental chromosome, P0 is active on both alleles. Commitment to chromosome inactivation correlates with the transcription switch from P0 to P1/P2 on one chromosome or the other. Preliminary data suggests that CpG island methylation in these promoter regions may contribute to their regulation during development.
Variability in Imprinting
Imprint erasure and non-Mendelian inheritance ratios. In addition to studying the mechanisms and consequences of imprinting, it is important to examine the consequences of the failure to imprint. As in other research areas, the exception, the mutation, or the process gone awry are often highly informative about the normal, wild-type, and fully functional process or component. The X chromosome in humans is subject to imprinting in certain regions (parent-oforigin-dependent epigenetic marking), and is also marked for X inactivation (parent-oforigin-independent epigenetic marking). The hypothesis that the failure to properly mark an X chromosome will cause segregation distortion leads to the following predictions: males who fail to properly mark their X chromosome will not have daughters, and females who fail to properly mark their X chromosome will not transmit their marked allele to sons. To test these ideas, a large group of 47 families was studied for indications of segregation distortion for alleles on the X chromosome (9) . Strong evidence of deviation from the expected Mendelian inheritance ratio of 1:1 was found at three X chromosome loci in this study (the androgen receptor, DXS1068, and DXS101). For example, in the region Xpl l.4-p2 1.1, a bias in favor of transmission of the grandpaternal allele from mothers to sons was observed. Among the male offspring, an allelic inheritance ratio was observed as great as 1.6:1 in favor of the grandpaternal allele. Selective analysis of recombinant chromosomes confirmed that the allelic transmission bias maps to the specific loci identified.
This study suggests that variability in imprinting at the population level could be a statistically significant phenomenon. Imprinting; the X chromosome, and the male brain. Turner syndrome is a rare disorder of females that causes social adjustment problems and short stature but normal intelligence in most individuals. X chromosome deletion or loss is frequent in Turner syndrome females. Thus, haploinsufficiency of genes that are not subject to X inactivation is thought to be one possible mechanism to account for many features of the Turner phenotype. Some findings suggest that imprinted loci may exist on both the paternal and maternal X chromosomes, and that these loci serve different functions in brain development (11) .
Turner syndrome was studied in a group of monosomic females, approximately twothirds of which carried the maternal X (45,Xm) and one-third of which carried the paternal X (45,XP). All Turner syndrome patients show alterations in cognition behavior that have a genetic parent-of-origin-dependent component. The altered behavior patterns in these patients may also relate to behavior differences that exist between normal females and males.
Genomic imprinting and brain evolution. Genomic imprinting has been implicated in diseases that affect behavior such as Angelman syndrome, Prader-Willi syndrome, bipolar disorder, and schizophrenia (12) . Based on this observation, it seems possible that genomic imprinting plays a role in brain development. One means of investigating imprinting in the brain is to generate and study chimeric mouse embryos that include a fraction of androgenetic (Ag) or parthenogenetic (Pg) cells. These Ag and Pg chimeras have a much greater survival rate and are more useful than homogeneous Ag or Pg embryos. The Ag or Pg component of the chimera can be readily traced using a visible marker such as the lacZ gene, which allows for in situ chromogenic staining.
Ag and Pg cells were localized in the brain region of mouse chimeras by lacZ staining. Ag cells are enriched in the mediobasal forebrain, and in particular in the hypothalamus. By parturition, they are virtually absent from the telencephalic structures. In contrast, Pg cells are excluded from the hypothalamus, are not abundant in the brain stem, and accumulate in the regions from which Ag cells are excluded, especially the neocortex and striatum. These patterns are observed consistently, regardless of the relative proportion of normal/androgenetic or normal/parthenogenetic cells in the developing brain.
In brains with a significant Ag component, a relative decrease in size of the forebrain is observed, whereas in brains from Pg chimeras, the frontal area is larger than both normal brains and brains from Ag chimeras. Overall brain size is correlated to body weight, and it increases linearly within a single class of animals. 
Methylation, Epigenetics, and the Environment
Chromatin condensation and DNA methylation during nickel carcinogenesis. The role of methylation in imprinting has been described extensively. Changes in methylation also occur in somatic cells in a nonparent-of-origin-dependent manner. In some studies, changes in DNA methylation have been induced by environmental agents and correlated with changes in chromatin structure, which may also contribute to the regulation of gene expression.
The relationship between methylation and chromatin structure was examined in studies of Chinese hamster ovary cells exposed to the carcinogen nickel (13) . The insoluble crystalline forms of nickel metals are actively phagocytized, which can lead to an intracellular nickel concentration as high as 5 M. Transgenic cell lines carrying an insert of the guanine phosphoribosyl transferase (gpt) gene were exposed to nickel and tested for increased resistance to 6-thioguanine (loss of gpt function). Nickel exposure was mutagenic in a cell-line-specific manner, causing loss of gene function in cell line G12, but no similar effect in cell line G10. The G12 transgene is near a region of heterochromatin on chromosome 1, and the loss of function of the transgene was associated with increased methylation and increased heterochromatization of the G12 transgene, but not of the G10 transgene. Nevertheless, a decrease in global methylation is observed after nickel treatment, indicating the possibility that nickel exposure can induce site-specific de novo methylation in regions of heterochromatin.
The effect of nickel on chromatin structure was confirmed by studies in the yeast Saccharomyces cerevisiae. In yeast, gene silencing is achieved by mechanisms involving chromatin condensation but not cytosine methylation. Yeast exposed to nickel demonstrate site-specific effects on gene expression that depend on proximity to a heterochromatic region (i.e., the telomeresilencing element). This result suggests that nickel can directly affect chromatin structure under conditions where cytosine methylation does not also contribute to the extent of chromatin condensation.
CpG demethyiation ofthe uterine lactoferrin gene in adult mice treated neonatally with diethylstilbestrol. Studies of the estrogen-regulated lactoferrin gene in the mouse uterus provide another example of an environmental influence on DNA methylation. Prenatal or neonatal exposure to the synthetic estrogen, diethylstilbestrol, can alter lactoferrin expression and lead to uterine tumors (14) . This effect is mediated by diethylstilbestrol-induced changes in the methylation state of a lactoferrin promoter CpG site. However, it also requires that estrogen be present, because it does not occur in ovariectomized animals. Diethylstilbestrol exposure may have additional affects on CpG methylation in the mouse genome.
Liver microsomal cytochrome P450 genes may also affect the physiologic and pathologic responses to xenochemical exposure. Cytochrome P450 genes play a major role in metabolic detoxification/activation of xenochemicals and exhibit sexually dimorphic expression due to developmentally regulated promoter methylation.
Genomic Imprinting and Cancer
Aberrant methylation of tumor-suppressor genes: influence ofenvironmental exposure.
Allele-specific methylation is a well-established mechanism for genomic imprinting. In many cases, it has been definitively shown that methylation is required for allele-specific gene silencing. It is assumed that imprinting-associated methylation is a tightly regulated process; however, methylation has also been found in somatic tissue without an imprinting function. In particular, aberrantly methylated promoter-region CpG islands are 
